ABSTRACT The molecular processes associated with voltage-dependent opening and closing (gating) of ion channels were investigated using a new preparation from plant cells, i.e., voltage and calcium-activated ion channels in radish root vacuoles. These channels display a main single channel conductance of -90 pS and are characterized by long activation times lasting several hundreds of milliseconds. Here, we demonstrate that these channels have a second kinetically distinct activation mode which is characterized by even longer activation times. Different membrane potential protocols allowed to switch between the fast and the slow mode in a controlled and reversible manner. At transmembrane potentials of -100 mV, the ratio between the fast and slow activation time constant was around 1:5. Correspondingly, activation times lasting several seconds were observed in the slow mode. The molecular process controlling fast and slow activation may represent an effective modulator of voltagedependent gating of ion channels in other plant and animal systems.
INTRODUCTION
Voltage-dependent opening and closing (gating) of ion channels is a well studied phenomenon in a variety of channels in animal and plant cells (e.g., Hille (1992) , Schroeder et al. (1987) , Keller et al. (1989) , Hedrich and Schroeder (1989) and references therein). The molecular basis of the gating process has been associated with the movement of charged gating particles sensing the membrane electric field. However, little or nothing is known about the molecular processes associated with the opening of single ion channels. It has been particularly difficult to monitor channel openings in animal cells as they are characterized by fast time constants (Tact 1 ms) and often masked by simultaneous channel inactivation. We have circumvented these problems by studying the opening of calcium-activated cation-selective channels from radish root vacuoles, which activate with typical time constants of several hundreds of milliseconds and do not inactivate. We investigated their activation properties with the patch clamp technique by using both whole-vacuole and single channel recordings. These measurements identified a fast and slow activation process of voltage-dependent ion channels in radish vacuoles.
METHODS

Isolation of vacuoles
The surface of a freshly cut radish root was rinsed with buffer solution and excised vacuoles were directly transferred into the patch clamp recording chamber. In a typical experiment, vacuoles were allowed to settle on the bottom of plastic petri dishes for 3-5 min. Before patch clamp measurements, the Receivedforpublication 15 January 1993 and infinalform IOAugust 1993. ©) 1993 by the Biophysical Society 0006-3495/93/11/1837/07 $2.00 bath solution was perfused with the above saline to remove tissue not firmly attached to the bottom of the chamber.
Electrophysiology, data storage, and analysis Patch clamp experiments were performed with standard patch clamp equipment (Hamill et al., 1981) on radish root vacuoles. Measurements were either performed in the attached patch configuration or in whole cell mode, which was obtained after breaking into the vacuole by a short voltage pulse 1-3 ms in duration and -1 V in amplitude. The convention for the transmembrane vacuolar voltage was Vm = Vvacuole -Vcytosol which is identical to the convention suggested by Hedrich and Neher (1988) . Unless otherwise indicated the ionic concentrations in the bath and in the pipette were identical, i.e., KCI (200 mM), CaCl2 (1 mM), MgCl2 (2 mM), 4-morpholineethanesulfonic acid (25 mM), pH 6.4. Data were recorded with a standard EPC-7 patch clamp amplifier (List, Germany), low-pass filtered at 1 kHz with a four-pole Bessel filter and stored either on computer hard disk by using the Instrutech analysis software (Instrutech, USA) or directly on videotape. The kinetics of activation were evaluated as the time interval between the current at 20 and 80% of the maximum amplitude. The decay time constants were obtained by the best fit of decaying current with a single exponential function.
The single channel conductances and the corresponding error bars (in Fig. 2 B) were derived from the mean values and the standard deviations of the Gaussian distributions which gave the best fit for the current histograms. Histograms corresponding to the baseline and to the open state(s) were identified and the channel amplitude was deduced from the difference(s) between the current peaks. Single channel data were also obtained by using a different algorithm where events representative of single channel openings were individually identified. Within the limits of standard errors, the two procedures gave identical results (e.g., differences were < 6% for data shown in Fig. 2 B) .
RESULTS
Activation of vacuolar channels and whole cell currents
Patch clamp experiments were performed on vacuoles isolated from radish roots with standard patch clamp equipment (Hamill et al., 1981) . Fig. 1 displays the result of an experiment that was performed in the whole-vacuole recording configuration. To investigate the voltage and time dependence of whole-vacuole currents, vacuolar membranes were exposed to a series of repetitive voltage steps which usually lasted 4 s. In most experiments, vacuoles were initially held at a membrane potential of 0 mV and then stepped to different negative and positive voltages between -100 mV and + 100 mV. For cytoplasmic calcium concentrations above 10' M, this protocol induced voltage activated currents with maximum amplitudes of several nanoamperes at a holding potential of -110 mV (Fig. 1 A) . Depending on the membrane potential, currents activated with time constants ranging from 300 to 500 ms. For a more detailed analysis, the charge carried by each current pulse was determined by integrating the current amplitude over the stimulus duration. As clearly shown in B, no charge transport was observed for positive membrane potentials, which is in line with previous results on the voltage dependence of vacuolar channels observed in other membrane systems (Hedrich and Neher, 1987; Pantoja et al., 1992a Pantoja et al., , 1992b .
Single channel currents
To investigate the molecular basis of the macroscopic currents, we performed single channel experiments in the vacuole-attached patch clamp configuration (Fig. 2 A) . Single channel recordings from one or several ion channels were routinely observed after formation of a gigaseal between the glass pipette and the membrane surface of the vacuole. For a given membrane potential, single channel currents were characterized by a dominant single channel amplitude corresponding to a single channel conductance of approximately -90 pS. Occasionally, smaller single channel events were observed, but they were discarded in the present analysis since they apparently gave a small contribution to the total current of the vacuole. The main single channel openings showed a linear voltage dependence, as exemplified in Fig. 2 B, and were mostly restricted to negative membrane voltages (inset in Fig. 2 B) . These features correlated closely with the activation profile of the macroscopic currents observed in whole vacuole recordings which are displayed in Fig. 1 .
The rapid closing (deactivation), the voltage dependence and the ionic selectivity of whole-vacuolar currents were investigated by using the experimental protocol shown on top of Fig. 3 A. In this experiment, the membrane potential was held at 0 mV and then stepped to a hyperpolarizing potential of -100 mV, which induced a fast activation of vacuolar channels. Subsequently, the channels were rapidly closed by repolarizing pulses of increasing amplitudes (voltage steps of +20 mV). Current signals obtained after membrane repolarisation (commonly denoted as "tail currents") showed a progressively higher percentage of channel closures for positive voltage steps. The maximum amplitude of tail currents was a linear function of voltage, both in symmetric and asymmetric ionic solutions, which is demonstrated in B and D, respectively. The decay time constants of tail currents, T, are plotted as a function of voltage in C. As it is evident from the semilogarithmic plot, the decay times were well approximated by a monoexponential function of voltage with an Fig. 4 A. Similarly, in the presence of 1 mM CaCl2 the addition of 0.1 mM ZnCl2 to the bath solution completely abolished the current response (Fig. 4 B) (Fig. 1 B) , a mirror image of the x-y coordinate system was used.
transform channels to the slow activation mode, voltage pulses were repeated at higher frequency with a time interval shorter than 1 s (740 ms in Fig. 6 B) . In this case, a clear change in the current voltage relation was observed. Most important, the activation time constant was clearly prolonged for all membrane voltages. The most significant observation was a fourfold prolongation of the activation time at -100 mV (see Fig. 6 C) . Moreover, the switch between the two modes could be repeated several times in a controlled and reproducible way without an overall change in the basic current properties. This was demonstrated in experiments where the two modes could be evoked by a series of more than 150 stimuli applied in at least 8 cycles where the interval between two consecqutive pulses was alternatively -20 s and smaller than 1 s. Take also note that at 0 mV the extrapolated time constant for deactivation ranged between 100 and 220 ms (see also Fig. 3 C) and therefore for signals in Fig. 6 modulation by different voltage protocols. Fig. 5 A displays a comparison of the current recordings obtained with two different protocols, e.g., stimulating the vacuole with intervals between voltage pulses ranging from 20 s (curve 1) to 300 ms (curve 2). At high frequency stimulation, currents were activated with a significantly slower time constant, around 1.8 s at V = -100 mV. As shown in the figure (curve 3), the change in activation time was completely reversible upon switching to the low frequency voltage protocol. Current amplitudes did not significantly change after switching between modes as it is clearly shown in Fig. 5 B. In this experiment longer stimuli were applied, which demonstrated that the steady state current levels had comparable amplitudes. These observations strongly suggest that in the steady state situation the same number of channels was activated by the two voltage protocols.
Fig. 6 displays current voltage relationships for the fast (A) and slow (B) activation mode obtained from the same vacuole. To keep channels in the fast mode, the interval between pulses was chosen to be 16 s for the currents displayed in Fig.  6 A. Current activation time constants were then measured as the time interval between the current at 20 and 80% of the maximum amplitude. In the fast mode, currents displayed activation time constants ranging from 300-500 ms. To half of the figure. Under these conditions, channels activated with time constants comparable to those of the wholevacuole currents. Moreover, they showed a single channel conductance of -90 pS and displayed no detectable inactivation during the voltage pulse. Similar results were obtained for single channels recorded in the slow mode which are displayed in the lower half of Fig. 7 . The bottom trace was chosen to illustrate the occasional occurrence of a small single channel conductance which was already observed under steady state conditions. As these small conductances did not contribute significantly to the whole-vacuole current they were discarded in the present analysis. Ni2" (Gambale and Carpaneto, unpublished results)) and were both modulated by the cytosolic calcium concentration (Fig. 4A) . Third, the maximum current amplitude for fast and slow activating channels was comparable, rendering it very unlikely that a second population of channels was activated upon switching from slow to fast activation kinetics. These considerations are also supported by data shown in Fig. 7 that presents single channels recorded in the fast and slow mode, respectively. Theoretically, the slow activation kinetics at high stimulation frequency might be explained by a second type of channel that displays a fast inactivation and therefore fails to open at higher stimulus frequency. However, this possibility is rendered unlikely by the fact that we did not find a fast inactivating channel in any of our single channel recordings. Moreover, the striking similarity between single channel currents obtained in the fast and slow mode strongly suggests that they were indeed carried by an identical channel population.
It is interesting to note that the properties of the vacuolar channels from radish roots were similar to the properties of vacuolar channels previously described in other systems. For example, voltage-dependent channels described in sugar beet vacuoles (Hedrich and Neher, 1987; Pantoja et al., 1992a Pantoja et al., , 1992b Different models can explain the fast and slow activation kinetics of ion channels in radish root vacuoles. For example, a formal description of the gating process is given by a voltage-dependent interconversion between two parallel modes of activation displayed in Scheme 1. Interestingly, this scheme has been proposed in earlier reports (Hess et al., 1984; Fenwick et al., 1982; Pietrobon and Hess, 1990; Ikeda et al., 1991; Bean, 1990) to explain the "facilitation" of voltage-dependent calcium currents in cardiac cells. In this system, depolarizing prepulses potentiated amplitudes of L-type calcium currents measured in the "whole cell" patch clamp configuration. On the single channel level, this augmentation was paralleled by long-lasting calcium channel openings, supporting a kinetic model with a forced conversion of the calcium channel to a new mode of activity. Spontaneous switching between the two modes was rarely observed, while chemical agonists evoked effects comparable to those induced by strong depolarizing voltages (Hess et al., 1984; Pietrobon and Hess, 1990 To illustrate that this model may give rise to the desired properties, a preliminary computer simulation of the current time course was performed. As indicated in Fig. 8 , the ionic current was derived by the analytical solution of the differential equations describing Scheme 2 under the assumptions denoted in the figure legend. The results for different time t(msec) FIGURE 8 Simulation of fast and slow activation kinetics. Fast and slow activation kinetics were simulated by varying the time interval between two consecutive stimuli. 8T = 0.5, 5, and 18 s for curves 2, 3, and 4 with respect to curve 1 (8T = 1). Values for the rate constants were partly derived from experimental data and in part imposed according to the mechanism described in the text. In particular, rates at -100 mV were assumed to be: K2 = 1.25 s-1, cx = 5.5 s and -3 -K2 -K-1 -K1 -0. Instead, when V = 0 mV it will be K2 = 0.2 s-1, K1 = 6.66 s-1, , = 0.1 s-1, and a -K-2 -K-1 -0. It is immediate to see that at both voltages the principle of microscopic reversibility is satisfied if K1 = 13 K-2 Kll1c K2, in accordance with our hypothesis that K1 is large when a is small and vice versa.
intervals between two consecutive stimuli are reported in Fig. 8 . Note that curve 4 (8T = 18 s) shows almost 100% of recovery with respect to the current of the first stimulus (Curve 1). Basically, all rate constants were assumed to be voltage-dependent, although this does not exclude the possibility that also chemical activators participate in the modulation of current activation properties. In future investigations, a more detailed analysis is needed to identify the specific molecular processes that control the opening and closing of vacuolar ion channels. Eventually, the schemes described in this report might serve to elucidate the specific molecular processes which are involved in the voltagedependent gating of ion channels in both plant and animal cells.
